With the current emphasis on research in "systems biology", there is a need to develop appropriate tests of data quality and reproducibility, e.g., of gene expression arrays, 2-D gels for protein analysis, or metabolite profiles. This is inherently difficult owing to the simultaneous measurement of multiple variables where identity of many components may be unknown. Thus, in 1 H NMRbased metabonomics, an integrative approach in systems biology, NMR spectroscopy of biofluids, generates many hundreds of signals from low molecular weight metabolites without selection of specific analytes. [1] [2] [3] The data are then reduced and interpreted by use of multivariate statistics. Metabonomics has considerable potential as a means of rapidly providing metabolic fingerprints of individuals. These fingerprints alter in a reproducible and characteristic manner in response to various physiological or pathological challenges and can reflect multiple influences of both genetic (such as inborn errors of metabolism) [4] [5] [6] and environmental (diet or alcohol use) [7] [8] [9] factors. Such holistic metabotyping may prove valuable in the future for assessing the presence of disease (or risk factors for disease), e.g., as already exemplified for coronary heart disease. 10 The technology has been shown to be stable in interlaboratory animal toxicology studies conducted with strict environmental control on genetically similar animals, 11 but has not yet been assessed in the more challenging role of detecting diet-or disease-related metabolic signatures in human populations.
The International Study of Macro/micronutrients and Blood Pressure (INTERMAP) was launched in 1996 to investigate the relationship of multiple dietary variables to blood pressure. 12, 13 The 4680 adult men and women, aged 40-59, who participated in the study were selected from 17 population samples in Japan, the People's Republic of China, the United Kingdom, and the United States. In-depth characterization of their nutrient intakes was assessed by four 24-h dietary recalls and two timed 24-h urinary collections over a 3-6-week period. Pregnant women were not included since both diet and blood pressure are affected by pregnancy.
Here we present data in a first-phase metabonomic analysis of urine specimens obtained from male and female participants from three population samples; Aito Town (Japan), Guangxi (China), and Chicago (USA). 13 In this first study, the repeatability and accuracy of the metabonomics methodology are explored, as well as variation in urinary metabolite profiles across populations. A series of benchmark tests are used to address the following: (i) the robustness of the method based on repeated analysis of aliquots from a large pool of quality control samples prepared to assess NMR stability over the 7-month data acquisition period; (ii) interinstrument variation in analytical reproducibility; (iii) ability of NMR-based metabonomics to identify samples split at source within each population sample for double-blind quality control assessment, using a hierarchical clustering approach; (iv) analytical variation across split samples by computing canonical Rv coefficients; and (v) intersample differences in urinary metabolite profiles.
EXPERIMENTAL SECTION
Collection and Preparation of Quality Control (QC) Samples. The 24-h urine specimens (∼1 L) were obtained from Three volunteers; a Caucasian woman, 29 years old (QC1), a Caucasian man, 32 years old (QC2), and a Chinese man, 45 years old (QC3), all U.K. residents, at Imperial College. Boric acid was added to the collection vessels as a preservative, the specimens were mixed thoroughly and stored in aliquots of ∼5 mL at -40°C .
Population Samples and Study Design.
Methods of data collection for both nondietary and dietary data in the INTERMAP study have been described. 13, 14 Briefly, each individual attended a specified clinic center on four occasions; the first two and last two visits were consecutive days and there was a period of 3-6 weeks between pairs of visits ( Figure 1 ). Data collection included blood pressure on eight occasions (2 per visit), four 24-h dietary recalls including dietary supplement consumption, two 7-day records of daily alcohol intake, medical diagnoses, and extensive data on demographic traits, smoking, and other variables from a questionnaire. At the first and third visits, a 24-h urinary collection was initiated and completed the following day in the clinic, according to a standardized protocol. Boric acid preservative was included in the urine collection bottles given to each participant. Completed urine collections were mixed thoroughly and total volumes recorded. Urine collections of less than 250 mL or where the participant indicated incompleteness of the collection on the questionnaire were rejected and a further 24-h collection was requested (or a substitute participant of the same age (5 year group) and sex was recruited). Aliquots (5 mL) were taken, frozen at -20°C within 24 h, and shipped frozen to the INTERMAP Central Laboratory in Leuven, Belgium, for multiple standardized analyses (Na, K, Ca, Mg, creatinine). The samples were stored at -30°C, before being shipped on dry ice to the Metabonomic Laboratory at Imperial College. This publication relates to 852 first and 852 repeat visits (426 women, 426 men), urinary collections from centers in Aito Town (Japan), Guangxi (People's Republic of China), and Chicago (USA) ( Table 1) .
Analysis of Duplicate Aliquots for Assessment of Method Performance. To assess precision of NMR metabonomic analysis, 134 randomly selected urine specimens (8.3%) were split at the clinical center and sent to the Metabonomics Laboratory with different identification numbers. Therefore, each INTERMAP individual from the split sample data set was characterized by four NMR spectra: a split pair for the first visit and a split pair for the ( repeat visit. Data tables A, B, C and D ( Figure 1 ) were created using the spectra from the specimens obtained on the first visit (A), repeat visit (C), or aliquots from both of these visits (B and D, respectively) and used to populate the four spectral data tables.
A second Chinese sample, Beijing, was subsequently investigated with the same protocol to evaluate results from the Guangxi analysis. Preparation of Urine Specimens for 1 H NMR Spectroscopy. Urine specimens were thawed completely before mixing 500 µL of urine with 250 µL of phosphate buffer for stabilization of the urinary pH 7.4 ((0.5) and 75 µL of the sodium 3-trimethylsilyl-(2,2,3,3-2 H 4 )-1-propionate (TSP) in D 2 O (final concentration 0.1 mg/mL) solution; TSP acted as internal chemical shift reference (δ0.0) D 2 O provided NMR lock signal for the NMR spectrometer. This preparation was placed into a 96-well plate for analysis. The remaining urine specimen was refrozen. The 96well plate was then left to stand for 10 min before centrifuging at 4000 rpm for 10 min to remove any precipitate.
Monitoring of Quality Control Samples. To ascertain that contamination from previous specimens in the NMR flow injection system was not occurring, blanks were included at the beginning and the end of each well plate. The spectra from the blanks showed no significant carryover of metabolites, i.e., no cross contamination. To assess analytical stability over time, continuous monitoring of the study was achieved using aliquots of the three large 24-h urine collections obtained from three healthy volunteers (see above). Two aliquots of each quality control specimen were interspersed among INTERMAP specimens on every well plate in random order, i.e., six QC samples per well plate. Altogether, 24 well plates were measured over 7 months, i.e., 144 QC specimens altogether (48 aliquots per QC specimen). Position and dispersion parameters such as mean (µ) and standard deviation (SD, σ) were computed for each variable (i.e., NMR spectral region). Variation coefficients were then computed for each spectral region by dividing σ by µ.
Boric Acid Preservative. Boric acid, used as a preservative in the urine specimens, is known to bind covalently to vicinal diols and some amino acids. Such reactions are slow but can result in the formation of novel adducts in urine. We have investigated the effect of borate on urine for NMR studies and have found that, although it may confound quantification of compounds convolved with citrate, it does not impair classification of the urine specimens by chemometric techniques. 15 1 H NMR Spectroscopic Analysis of Urine Specimens. Spectra were obtained using a Bruker (Bruker Biospin, Rhein-stetten, Germany) DRX600 spectrometer operating at 600 MHz in flow injection mode. Specimens were automatically delivered to the spectrometer with a Gilson robot incorporated into the BEST (Bruker Efficient Sample Transfer) system. One-dimensional 1 H NMR spectra of urine were acquired using a standard 1-D pulse sequence (recycle delay-90°-t 1 -90°-t m -90°-acquisition) with water presaturation during both the recycle delay (2 s) and the mixing time (t m , 150 ms). The 90°pulse length was adjusted to ∼10 µs and t 1 was set to 3 µs, providing an acquisition time of 2.73 s and a total pulse recycle time of 4.73 s. Sixty-four free induction decays (FIDs) were collected into 32K data points using a spectral width of 20 ppm. To ascertain effect of differences in interinstrument acquisition parameters and instrumental variability, a randomly selected subset of urine specimens was also measured on a separate spectrometer operating under similar conditions but using a spectral width of 12 ppm and a recycle delay of 1.5 s giving a total acquisition time of 3.73 s. For both sets of data, FIDs were multiplied by an exponential weighting function corresponding to a line broadening of 0.3 Hz and data were zero-filled by a factor of 2 prior to Fourier transformation. 1 H NMR Spectral Processing. Baseline correction and phasing of the spectra was achieved with in-house software (T. Ebbels and H. Keun). Each spectrum was reduced to a series of integrated regions of equal width (0.04 ppm, standard bucket width) corresponding to the regions of δ0.16-9.76 inclusive. To remove effects of variation in water resonance suppression, saturation transfer effects to the urea signal, and borate-citrate interaction shifts, spectral regions were removed between δ4.50-5.98 and the citrate peak regions (δ2.69-2. 73 and δ2.53-2.58). Each spectrum was then normalized to unit area, to remove the effect of differences in urinary concentrations between specimens. The analysis was repeated using smaller integrated regions of 0.01 ppm (improved resolution of model coefficients).
Statistical Analysis of NMR Spectroscopic Data. Statistical analysis of urinary 1 H NMR spectral data was performed with S-PLUS 6.1 (www.insightful.com), according to several data analysis strategies, as described below.
Identification of Split Specimen by Hierarchical Clustering Trees (HCTs). 16 Hierarchical clustering has been used to discover groupings among a data matrix. HCTs are based on a measure of similarity or dissimilarity between observations, computed from the data matrix. Dissimilarity coefficients are symmetric, i.e., d(A,B) ) d(B,A) and nonnegative i.e., d(A,A) ) 0 and can be displayed as dendrograms. The complete-linkage method used here employs the maximum Euclidean distance between two Town  259  24  24  259  23  23  565  47  97.9  41  Chicago  315  24  23  315  24  23  678  46  95.8  21  Guangxi  278  23  17  278  24  17  603  34  70.8  all three samples  852  71  64  852  71  63  1846  127  88.2 specimens as the dissimilarity measure. To magnify the low distance values (denoting a high similarity or nearness of the specimens), the logarithm of the distance matrix was used for building the clustering tree model. Table Similarity Using the Rv Coefficient. 17 Each data set corresponding to the two urine specimens obtained for each participant with the corresponding split specimens was used to populate four different tables (first and repeat visit tables: X A and X C , split sample tables X B and X D ) each with different variance (Figure 1 ). The Rv coefficient expresses the homothetic (similar geometrical) relationship between the pairs of tables (A and B) and (C and D), since samples in table B were duplicate aliquots of samples in table A, etc. The Rv coefficient for a (column-centered) data matrix (with p variables/columns) X, and the regression of these columns on a k-variable subset, is defined by Robert and Escoufier:
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where X A and X B are mean-centered matrices, tr is the trace operator (sum of diagonal elements), and ′ is the transposition operator. Rv(X A ,X B ) ) 0 if the variables from X A and X B tables are not correlated, and Rv(X A ,X B ) ) 1 if the X A and X B tables are identical.
Pattern Recognition across Samples by Linear Discriminant Analysis (LDA). 16 One of each pair of split specimens was removed from the data set such that each of the 852 participants was represented by a single specimen per clinic attendance prior to performing LDA on the principal component matrix for the spectral data. LDA is a supervised PR method, using the Y response vector (in this case a class assigned on the basis of center), to structure the information within X data (NMR or metabolic descriptors). LDA maximizes the distance between the centroids of different population samples. LDA seeks an optimal linear combination Xp of the input variables leading to separation of the class means relative to the within-class variance, i.e., maximizing p T Bp/p T Wp ratio, in which B is the between-group covariance matrix and W the within-class covariance matrix (centered on the class mean). The linear combination is solved by taking p to be the eigenvectors of B. LDA has to be performed on full rank matrices. With NMR spectral data, each metabolite may generate more than one signal; thus, there is redundancy of information within the data matrix. This is commonly solved by precompressing the data, for example by principal components analysis (PCA). 18 Data Compression by Principal Components Analysis. 18 PCA is a pattern recognition method for multivariate data, independent of any knowledge of class membership (unsupervised). It performs a bilinear decomposition of the NMR data X represented in K-dimensional space (K equal to the number of variables), known as singular value decomposition. It reduces X to a set of orthogonal principal components (or latent variables) describing the main directions of variation within the data. Each direction (principal component) is attached to an "eigenvalue" λ, summarizing the amount of variance explained, and a dual set of values (bilinear): (i) the "scores" t describing the statistical objects (participants), and (ii) the "loadings" p or "eigenvectors" highlighting the influence of input variables (NMR descriptors) on t.
Full Cross-Validation of the Models. 16 Model parameters, e.g., number of principal components, were optimized by a full 3-fold cross-validation strategy. After random selection, approximately 2/3 of observations were used for model calibration (calibration set), whereas the remaining 1/3 of observations was used to test the model (test set).
RESULTS AND DISCUSSION
Intrinsic Reproducibility of 1 H NMR Spectroscopy of Urine. As noted in the Experimental Section, to evaluate longterm reproducibility of the 1 H NMR-based metabonomic technology in large-scale human studies, three pairs of QC specimens were analyzed in each 96-well plate flow injection NMR (48 aliquots for each of three QC individuals, altogether 144 QC specimens). Using PLS regression analysis, no significant correlation between the variances in the QC spectral profiles with time was found, indicating that no biochemical degradation had occurred over the 7-month study period and that the analysis was sufficiently robust (a Q 2 value of -0.057 was obtained for a one-component model and -0.163 for a two-component model). This is concordant with earlier studies which concluded that the analytical approach and specimen storage are inherently stable. 11, 19 The three QC specimens generated spectra that were intrinsically similar to each other in terms of the urinary metabolites present in high concentrations, with each of the three specimens dominated by creatinine and trimethylamine-N-oxide (TMAO). Regions corresponding to the signals from dominant species in urine provide high average values and also high standard deviations. These results are in agreement with an earlier study on variability in rat urine. 20 The mean, standard deviation, and coefficients of variation of each NMR variable from the QC specimens provide initial estimates of NMR variable stability; these are depicted for each NMR variable in a spectral format in Figure 2 (a spectral integral corresponding to a discrete region of 0.01 ppm). The average spectra derived from the mean values of the measured aliquots for each volunteer (Figure 2A) give a good estimate of the original spectrum of the original QC specimen used for this purpose, whereas the standard deviation spectra ( Figure 2B) give an estimate of the instability of the QC samples over the 7-month measurement period.
Calculation of the Stability of the Spectral Profile. The mean and standard deviation were computed over the full spectral window (δ0.16-9.76). Mean and standard deviation plots for most biological variables (in the range δ1.0-8.0) display a similar pattern as exemplified in Figure 2A and B. To estimate better the variation across the spectrum, the coefficient of variation is preferable, as it does not bias toward spectral regions containing high-concentration metabolites ( Figure 2C ). The spectral regions usually covered by urinary signals were relatively flat compared with the surrounding regions at the edges of the spectrum that did not contain metabolite signals. For 1 H NMR spectra of urine, the regions above δ6.0 and below δ6.6 correspond mostly to electronic noise; SD and mean tend to zero. Small variations around zero in mean and SD can lead to chaotic behavior for a coefficient of variation (CV) computed by dividing the SD by the mean. The distribution of the CV across multiple peaks in the spectrum is dominated by the electronic noise variables and not by peaks that correspond to true metabolite signals ( Figure 2D ). Such nonreproducible regions can be discarded from further statistical calculations, since they represent only a very small proportion of the NMR intensity and can introduce "noise" into the analysis. Reducing the spectral range to δ1-4 did not significantly affect the mean ( Figure 2E ) and standard deviation ( Figure 2F ) spectra but provided an improved synopsis of the reproducibility across the spectrum based on the coefficients of variation ( Figure 2G,H) . Here the scale for coefficient of variation has been expanded for the purpose of illustration.
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Other regions of relative instability in the spectra were associated with variation in the efficiency of water suppression around δ6 and δ4, commonly encountered due to factors such as minor fluctuations in laboratory temperature and differences in ionic strength between samples and around δ2.5 and δ2.7 corresponding to variation in the intensity/chemical shift of citrate, which resulted in a CV above 30%. Slight differences in the spectral regions containing citrate have been well documented. 21, 22 Although the urine specimens had been buffered, the intrinsic buffering capacity of urine is strong and precipitation of certain components will occur over time, varying with temperature, and influencing the exact pH of the sample. This accounts for slight shifts in metabolites with a pK a close to the buffered pH. Additionally, citrate was shown to be the most vulnerable metabolite to complexation with boric acid. The region δ1-4 excluding δ2.5-δ2.7 was found to produce the optimal NMR profile in terms of signal reproducibility with CV below 5% ( Figure  2G,H) .
Identification of Duplicate Aliquots Using Hierarchical Clustering Trees: Blind Assessment. Based on the assessment of stability of the QC specimens, HCTs were constructed using the spectral regions between δ1 and δ4 (excluding δ2.5-δ2. 7) for the rest of the samples to assess ability to identify 24 pairs of split aliquots hidden within each population sample (China, Japan, USA). In this blind assessment, identification of split pairs of urine specimens provides an additional measure of reproducibility of the technology and also assesses the sensitivity of the method in being able to differentiate between specimens from one individual obtained on the same occasion and specimens obtained from the same person (hence possibly similar) at different clinic visits.
The hierarchical clustering tree approach consists of the measurement of the overall dissimilarity index between the specimens; it uses the distance metric to build the dendrograms (see Experimental Section for details) (Figure 3 ). Such a clustering strategy relies on the ability of clustering trees to aggregate split specimens at the bottom of the tree because of their spectral similarity. For example, the clustering tree of the American female population sample clearly shows pairs of samples aggregated with very low distance measures ( Figure 3A) . Split samples are correctly aggregated at the bottom of the dendrograms and have very low aggregation levels, whereas intraindividual variability generates higher aggregation levels, with a qualitative gap in the distribution of aggregation levels. A fixed length has been assigned to the leaves of the clustering tree, and this can lead to a visual artifact: for specimens aggregated at the bottom of the tree, the beginning of the leaf, corresponding to the aggregation value used in the algorithm to cluster the specimens, is positive whereas the tip of leaf apparently starts at a negative value. Two of the specimens from duplicate aliquots, marked with an asterisk in Figure 3A , have been plotted in Figure 3B together with their difference spectrum. This clearly shows their near identity and delineates them as replicate (split) specimens. Slight differences in the spectral regions containing citrate and TMAO can be noted.
This clustering approach, undertaken blind, successfully identified 98% of Japanese, 96% of American, and 71% of Chinese split samples when using spectral segments of 0.04 ppm width ( Table  1 ). The more accurate identification rate obtained for Japanese and American population samples, using regions of 0.04 ppm in the δ0.16-δ9.76 spectral window, contrasts with the somewhat lower one obtained for the Chinese population sample. Smaller spectral segments provide an enhancement of resolution and, therefore, more accuracy in identifying pairs of split specimens. The variation between splits (same specimen, different aliquot) and first and repeat visits was most likely related to variation in the consistency of specimen handling, but may have been partly attributable to the strong consistency between first and repeat specimens from the Chinese population. To investigate the source of this relatively low detection rate for split specimens in the Guangxi population, urine specimens from a second Chinese population, Beijing, were analyzed using the same protocol. From 272 first and 272 repeat visits, 39 of the 42 pairs of splits (93%) were correctly identified; i.e., greater reliability than for Guangxi population sample, suggesting sample handling inconsistencies. The identification of split specimens and the confidence level associated with these findings was used to establish the variation arising from experimental methods and data handling.
Reasons for failure to identify pairs of split specimens (misclassification) can be divided into three categories: (A) acquired physicochemical differences between specimens, e.g., pH or osmolarity, as a result of variation in sample preparation procedures; (B) chemical or biochemical degradation; (C) instrumental variation or differences in NMR acquisition parameters.
Type A Misclassifications. Variation in physicochemical parameters produced 36% of the split specimen identification error. Interspecimen differences in pH and ionic strength lead to inconsistency of chemical shift of metabolites (e.g., citrate, taurine, alanine, and histidine); small pH difference between paired specimens was the most common cause for this error. Also, specimens were preserved using boric acid; the main effect of this in urine is to complex citrate. Differential chelation of citrate and boric acid was also noted.
Type B Misclassifications. A total of 32% of the misidentified split specimens resulted from biochemical degradation of specimens, mostly from the Guangxi population sample. Many specimens from this sample were high in ethanol content, which was prone to volatilization. In some cases, the ethanol content in one of the split pair was only 50% of its matched split while the urinary concentration of ethanol metabolites such as ethyl glucoside was constant between the split aliquots. This finding suggests that differences in specimen handling had occurred at some stage prior to shipment of the specimens. For two of the specimens, bacterial contamination was the cause of split pair differences, as manifested by relatively high concentrations of benzoic acid, acetate, and lactate with lower glucose in the aliquots. Type C Misclassifications. Variation in analytical instrumentation or conditions resulting from factors such as efficiency of water suppression or variation in relaxation delay resulted in 32% of misclassified split specimens where specimens were measured using two different acquisition protocols. In particular, quantitative differences were observed in metabolites with relatively long T 1 relaxation times, e.g., TMAO and pyruvate between split samples measured under different acquisition protocols. The percentage of nonidentified specimens attributable to NMR differences fell to 1% of the total number of split specimens when split specimens were measured using identical acquisition parameters. These results show that, even with interinstrument differences, the methodology is highly reproducible and therefore appropriate for population screening. However, these results also indicate that, for quantitative accuracy, it is important to standardize acquisition parameters such as relaxation delays.
The reproducibility analysis reported here assesses not only spectroscopic reproducibility but also specimen handling consistency and specimen quality. The 1 H NMR urine spectra contain information relating to biological and chemical degradation of specimen and differences in physicochemical parameters possibly caused by variation or inconsistency in freezing or specimen preparation. Thus, it goes far beyond assessment of instrumental validation. In brief, although 1 H NMR spectroscopy has been recognized for decades for being analytically robust, such "in the field" assessment makes possible assessment of stability in terms of biological degradation as well as consistency of NMR spectrometers in time and irregularities in instrumentation running automation mode, such as magnetic field quality and parameter optimization.
Analysis of Variation between Split Samples by Deriving Rv
Coefficients. 17 The Rv coefficient was used to assess the canonical links between tables A-D containing spectra from two separate visits to the clinic for each person with a (blinded split) aliquot for each visit (Figure 1 , Table 2 ). Specifically, it describes the isomorphic relationship between the tables representing the duplicate samples. Together, this analysis yields an Rv coefficient year group for the total spectrum, (B) NMR spectra of the two replicate specimens marked with * in (B) and their difference. The vertical axis in the dendrogram corresponds to the aggregation value computed, as described in the Experimental Section, summarizing the measure of dissimilarity (g0) between clusters or initial samples. To identify the split urine specimens, a fixed length has been assigned to the "leaves" (i.e., individual specimens) of the clustering tree. Specimens that are very similar (i.e., splits) aggregate close to 0 (i.e., low dissimilarity). of 0.917; analysis of each population sample separately generates Rv coefficients between 0.868 (Chicago, IL, USA) and 0.994 (Aito Town, Japan).
Overall Analytical Reproducibility. Analytical reproducibility was demonstrated in three different ways: (i) by coefficients of variation below 5% for genuine metabolic signals of the NMR spectrum, (ii) by blind identification of 71-97% of split specimens, and (iii) by Rv coefficients between the split specimen tables providing a similarity measure of 0.994 (where a coefficient of 1 would indicate identical tables). The coefficients of variation obtained for the NMR metabolic signals range 0-10%, with exclusion of citrate signal tails and electronic noise responsible for high CVs in Figure 2G ,H. This is better reproducibility than obtained for the validation of a pyrolysis metastable atom bombardment time-of-flight mass spectrometer that had been specially designed for metabolic fingerprinting with coefficients of variation in the range of 20-250%. 23 Moreover, the CV percentage for NMR is favorable when compared to the reproducibility of gene microarray data, yielding coefficients of variation in the interval 20-30%. 24 Other studies in metabolic profiling have also displayed similar high analytical reproducibility. For example, gas chromatography-MS analysis of plant extracts produced an analytical error for several metabolites of 8% compared to a biological variance estimated at 26-56%. 25 The analytical reproducibility in metabolic fingerprinting across a long time scale based on Rv coefficients is consistent with previous work assessing NMR reproducibility on urine aliquots analyzed in both the U.K. and Switzerland on NMR spectrometers operating at different frequencies (respectively 600 and 500 MHz), with correlation coefficients for individual metabolites above 0.95. 11 Here we compute higher Rv coefficients for NMR signals, indicating that the reproducibility of NMR-based metabonomics makes it highly suitable for research in a medical and epidemiological setting.
Classification of Urine Specimens Based on Population Samples. One 1 H NMR spectrum of the urine from one man in each of the three population samples (Aito Town, Japan, Guangxi, China, and Chicago, USA) were selected based on good prediction of population specimen. These spectra are shown in Figure 4 . Metabolite identification was based on literature values 26 and on the addition of authentic standards to the urine specimens. A PC-LDA model of population samples based on urinary 1 H NMR data using 0.01 ppm segments in the δ0.16-δ9.76 range was built with 29 precompression principal components and assessed by full 3-fold cross-validation ( Figure 4 , Table 2 , and Table 3 ). PC-LDA maps the individuals by finding the orthogonal directions of maximal variation explaining the differences related to betweengroup variance (in this study, differences across three population samples: American, Chinese, and Japanese). The score plot corresponding to average profile PC-LDA model (n ) 852) shows the discrimination among the three population samples ( Figure  4 ). PC-LD1 segregates the Chinese population (negative scores) from the other two populations (positive scores). These two later American and Japanese populations are respectively discriminated along PC-LD2 with positive and negative scores (Figure 4) . The prediction ability of this PC-LDA model was assessed by a full 3-fold cross-validation. Two-thirds of the 852 samples were randomly selected to calibrate the PC-LDA model, and the remaining third was used for independently testing the accuracy of its predictions. The confusion matrix for the cross-validation of this model shows a high prediction rate of 96% ( Table 3) . Investigation of the PC-LDA loadings indicated several spectral regions were dominating the discrimination of specimens on the basis of geographical origin (population sample). The major metabolites identified in the loadings are given in Table 4 . High urinary concentrations of TMAO were particularly dominant in the Aito Town population, consistent with the high dietary intake of fish. TMAO is naturally synthesized as an antifreeze agent in many types of deep-sea fish and is thus accumulated in the tissues 
a Key: C, Chicago; Gx, Guangxi; AT, Aito Town. b High concentrations of urinary ethanol are a feature of male Guangxi participants but not of female participants from this population sample. in high levels. 27 Guangxi specimens had higher urinary excretion of -aminoisobutyric acid and ethanol (in male participants only) than American and Japanese specimens. NMR signals from hippuric acid and other phenolic compounds were positively associated with the American population sample. Many of these compounds are derived from gut bacteria rather than of mammalian origin 26, 28 and suggest consistent differences in gut microflora across populations samples. Creatinine concentrations were also higher in the Chicago specimens then those from either Aito Town or Guangxi, due to greater body mass. 29
CONCLUSION
The results here show that NMR spectroscopy of biofluids combined with multivariate pattern recognition is a robust and precise approach for metabonomics studies, outperforming other "-omic" technologies in terms of reproducibility. Such findings make metabonomics suitable for high-throughput long-term epidemiological studies. This reproducibility also confirms the robustness and the appropriateness of the study protocols, which have been optimized in terms of data acquisition and processing. It implies that large-scale, multi-instrument (and presumably multilaboratory) epidemiological metabonomic studies have a high degree of tolerance to unavoidable differences in environment and specimen handling, without hampering the classification power to identify the source and effects of any such confounding variation. The analyses reported here were at least as reproducible as the most precise functional genomic methods at the protein level, 30 metabolic profiling, 25 and clearly more precise than any differential analysis of gene expression using cDNA/mRNA microarrays. 24 Since 1 H NMR enables accurate pattern recognition of populations (96% correct prediction rate), 1 H NMR-based metabonomic analysis has the potential to discover metabolic biomarkers possibly related to present-day major public health challenges, hence opening the field of metabonomic epidemiology.
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